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sufficient to explain the net translation
of the spikelet as a function of the
applied frequency. So when the
spikelet is in contact with an animal’s
fur, random motions of the animal can
lead to the ratcheting of the spikelet
further into the animal’s coat.
Spikelets also use this mechanism
to facilitate burying themselves into
the ground, which acts not only to
plant the seeds, but also to protect
the grass species during fires [3].
Periodic variation in humidity causes
soil swelling and leads to changes in
awn shape [4]. To model how the
anisotropic friction of grass awns
couples to soil swelling, Kulic et al. [1]
inserted grass spikelets into a rubber
tube. The tube was then slowly
stretched and relaxed and the motion
of the spikelet with respect to the tube
was measured [1]. Kulic et al. [1]
developed a mathematical model that
describes how these changes in
environmental strain — the ‘stretching’
of the environment — can interact with
the spikelet in order to bury the seeds.
The model predicts that the burial rate
should increase with environmental
strain and with awn length. This latter
prediction is in good agreement with
measurements of the burial depth of
Stipa somata awns as a function of
awn length [3]. Some awns also have
a twisted shape at the end, which
can facilitate burying [4].
Grass awns are not the only place
where biology has found a use for
coupling anisotropic friction to
undulatory motion in order to create
net translation. Another prime example
of this mechanism is the motility of
snakes and earthworms. Snake skin
has slanted ‘micro-hairs’ [5], analogous
to the micro-barbs observed in awns,
and these micro-hairs lead to
significant frictional anisotropy
between forward and backward
motions [6]. Contraction and extension
of the snake musculature produces an
oscillatory motion of the snake skin
against the surface, and the combined
effect gives a slithering snake.
An interesting difference between
the snake and the awn is that the snake
relies on its own power, while the awn
effectively steals energy from the
environment. Biology has figured this
strategy out in other arenas, too. Inside
cells, some proteins can do work. A
myosin molecule walks to pull on actin
and contract muscle. Actin, itself, can
polymerize and push. The flagellar
motor and ATP synthase rotate. For
all of these examples, the molecules
ratchet random motions from thermal
fluctuations and thereby drive many
processes in our cells. New work
also suggests that jelly fish and some
bugs may be able to steal motion
from undulating water or air currents:
Spagnolie and Shelley [7] have shown
that if a swimmer, such as a jelly fish,
changes its shape out of step with
a periodic flow, it can swim.
Biology has thus repeatedly found
ways of producing net work by
rectifying fluctuations with ratchets,
and it is interesting to speculate on
other areas where this mechanism may
play a role. Evolution is one directly
analogous system and a comparison
between it and Brownian ratchets
has been drawn previously [8]. Clearly,
random mutations in an organism’s
genome lead to fluctuations in
phenotype. Reproduction can lock in
these variations, and natural selection
then acts as a ratchet, reducing the
likelihood of maintaining a population
that is less competent at reproducing
while increasing phenotypic
populations that are fitter. A more
tenuous comparison, though, comes
to mind when I consider my own
thoughts, which all too often seem
quite random. I must consciously
work to rectify these thoughts, plucking
out the good ones and discarding the
bad, in an attempt to construct an
understanding of the world about me.
Could my own thinking be working by
trapping useful ideas from a pool of
noise? One of the not-so-useful ideas,
right? But, it has been suggested
that certain nuclei in the basal
ganglia act as a random motor
pattern noise generator [9]. If our
brains can create noise, maybe they
can ratchet it too.
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Membrane-shaping proteins known as reticulons help to sculpt the
endoplasmic reticulum; recent findings indicate that they also play a role in the
formation of nuclear-pore-complex-associated pores in the nuclear envelope.Wolfram Antonin
In eukaryotic cells, nuclear pore
complexes (NPCs) in the nuclear
envelope mediate transport between
the cytoplasm and the nucleoplasm.
These are huge macromolecular
assemblies of about 65 MDa in yeast
and up to 120 MDa in vertebrates.
Although most, if not all, components
of NPCs are known [1,2], it is not fully
understood how these large structuresare formed from their individual
proteins. Nevertheless, significant
progress in understanding the protein
interaction network in the NPC has
been made in recent years [3,4].
NPCs are embedded in the membrane
of the nuclear envelope, but how
insertion is achieved is not known [5].
An inspiring new study [6] suggests
that the membrane bending proteins
of the endoplasmic reticulum (ER)
play a role in this process.
Dispatch
R411The nuclear envelope is formed
by two parallel sheets of membranes
surrounding the chromatin: the inner
and the outer nuclear membrane, of
which the latter is continuous with
the ER (Figure 1). Observed from
a local perspective, these two
membranes are flat, extended sheets,
except for the points where they are
joined and form pores — the sites
where NPCs are located. Two modes
of NPC assembly have been shown
to occur in metazoan cells: postmitotic
assembly and de novo interphase
assembly. Metazoan cells undergo an
open mitosis in which the nuclear
envelope breaks down and NPCs
are disassembled. NPC reassembly
at the end of mitosis involves
stepwise recruitment of the protein
components to the chromatin [7],
and contemporaneous and
coordinated reformation of the
nuclear membranes [8–10]. How
exactly this is achieved can be
ignored for the purpose of this
dispatch, but current models suggest
that pores may form by the enclosure
of chromatin-associated pre-pore
structures [11] by membranes, rather
than by pore formation in an existing
closed nuclear envelope [5,8].
For organisms such as the budding
yeast Saccharomyces cerevisiae,
which undergo a closed mitosis and do
not break down the nuclear envelope
during mitosis, embedding new NPCs
into an intact nuclear envelope is
the only plausible assembly mode. And
in metazoan cells NPC biogenesis
additionally occurs in interphase into
an intact nuclear envelope, which
raises the question of how pores are
formed in the flat membrane sheets of
the nuclear envelope. In order to form
a pore, the inner and outer nuclear
membranes need to fuse, a process
requiring close approximation of both
membranes and their deformation
(Figure 2A). How this is achieved and
which factors mediate and regulate
these processes is unclear.
The study by Dawson et al. [6]
sheds light on these questions. They
found that, when reticulon production
is knocked out in a yeast cell, NPC
formation is blocked. Furthermore,
in an in vitro assay recapitulating
vertebrate NPC assembly, inhibition
of reticulon function with antibodies
blocked interphase NPC formation,
indicating that the reticulon
requirement is conserved across
evolution.Chromatin
Nuclear pore complex
Endoplasmic reticulum
Outer nuclear
membrane
Inner nuclear
membrane
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Figure 1. The nuclear envelope.
The nuclear envelope is formed by two membranes and is continuous with the endoplasmic
reticulum. Nuclear pore complexes shown in red are embedded in the membranes.Reticulons are a class of abundant
ER proteins that in recent years
have attracted attention because they
are important for formation of ER
tubules [12,13]. They are integral
membrane proteins with a uniquely
conserved carboxy-terminal domain
that contains two hydrophobic
stretches; these are embedded in
the membrane, but are longer than
standard transmembrane-spanning
regions. It is suggested, therefore, that
each stretch spans the membrane
twice to form a wedge shape [13].
This unusual membrane topology is
thought to displace membrane lipids
in one leaflet and thus bend the ER
membrane. This property, together
with oligomerization of reticulons
[14,15], is believed to shape most of
the ER into tubules. Removing
reticulons converts much of the ER
into flat membrane plates [13].
But why should a membrane-
deforming protein be important for
NPC formation? When reshaping the
two flat membranes of the nuclear
envelope into a pore, significant
membrane bending has to occur.
Although nuclear membrane fusion,
like other cellular fusion events, has
not yet been directly observed, one can
envision that the outer or inner nuclear
membrane, or both, invaginates to form
a dent or depression, the lumenal
surface of which approaches the
opposite membrane (Figure 2A).
Indeed, such dents have been detected
on the nuclear envelope by electron
microsocopy [16], but whether these
represent fusion and NPC assembly
intermediates remains open.Membrane-deforming proteins
like reticulons could in principle
support the process of membrane
bending. But do they have the
necessary properties?
Membranes can be deformed in
two directions, giving rise to a convex
surface (called positive curvature) or
a concave surface (negative curvature).
When forming ER tubules from flat
membrane sheets reticulons induce
a positive curvature in one direction,
leaving the curvature along the
long axis of the ER tubule at zero
(Figure 2B). At the type of dent
required for nuclear-envelope-pore
formation, however, a negative
curvature needs to be induced at
most affected positions in the
membrane (Figure 2A). This is exactly
the opposite of what reticulons
would do unless they were present in
the lumen between the two nuclear
envelope membranes. At the mature
pore, the membrane topology is also
different from that which reticulons
induce in ER tubules. Equally
important, reticulons are known to
be largely absent from the planar
membranes of the nuclear envelope
[9,13,17]. To act directly at the site
of pore formation or stabilization
one would need to assume a local
enrichment that has not been
observed.
If these arguments make it unlikely
that the reticulons act directly in pore
formation, what other mechanisms
might explain the observed
phenotype? The membranes of the
nuclear envelope are continuous with
the ER. Indeed, the nuclear envelope
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Figure 2. Pore assembly.
(A) Hypothetical intermediates for interphase pore assembly into the nuclear envelope: outer
and/or inner nuclear membranes deform, approach each other, fuse and form a pore into
which the NPC is assembled. Insets indicate the membrane curvature in the two directions
of the plane of the fusion intermediate and the mature pore. Green arrows indicate positive,
red arrows negative curvature and the black arrow a curvature of zero. (B) Membrane curva-
ture induced by reticulons on ER tubules.can be regarded as a subdomain of the
ER which, in contrast to the largely
tubular ER, consists mainly of flat
membranes which have to be able to
induce local invaginations to allow
pore formation. As reticulons force
membranes into a tubular shape,
membrane proteins preferring
negative curvature could be expelled
from the tubular ER and enriched
in the nuclear membranes. A local
enrichment of negative curvature-
preferring or -inducing proteins might
favour nuclear-envelope-pore
formation. Depletion of reticulons
would release localization constraints
on these proteins and lead to their
redistribution throughout the ER, such
that their local concentration at the
nuclear envelope could fall below the
critical level necessary for pore
formation.
Alternatively, membrane proteins
preferring or stabilizing negative
membrane curvature might not be
easily synthesized and integrated into
the ER without some counteracting
positive curvature-inducing proteins
like reticulons to allow their synthesis
and/or delivery to their site of action.
If either of the scenarios described
were the case, reticulon depletionwould inhibit pore formation, but
indirectly.
Finally, it should be borne in mind
that although reticulons are mainly in
the ER, one member of the family,
reticulon 4 (also referred to as Nogo),
plays a critical role in inhibition of
axonal growth and regeneration [18],
most likely at the plasma membrane.
Other isoforms have been implicated
in neurodegenerative diseases [19].
Whether these observations connect
to the membrane-bending properties
of reticulons or to other functions is
unknown. Until we understand more,
it is best to keep an open mind about
exactly how reticulons might
participate in new functions like
NPC pore formation.
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